ABSTRACT. Since scale in water supplying pipes is one of the major sources of water contamination and user's complaint, detection of scale is very important for the proper maintenance of water piping. In the present study, the potential of guided waves was explored for the detection of scale in water supplying pipes. Using variable angle wedges, several modes of guided waves were generated and identified. In the experiments, it were observed that the amplitude of F(M,2) (M= 1,2,3,4) modes decreased significantly as the increase of the amount of scale. The result of the present study recommended that the F(M,2) modes are optimal to detect scale in water supplying pipes.
INTRODUCTION
Water piping, which is often called as the "lifeline", should be maintained soundly to provide clean water to end-users. Unfortunately, however, water piping is degraded as the increase of its operation time. The degradation process of water supply piping is as follows; 1) initiation of corrosion by chemical reaction, 2) appearance of scale by the accumulation of corrosion byproduct inside of the pipe wall, 3) growth of dents from corrosion pits, and finally 4) ending with through-wall defects which cause leakage of water.
Up to now, various efforts have been carried out to develop suitable nondestructive testing methods for detection of general wall loss associated with pitting and corrosion in various pipings [1] [2] [3] [4] . Unfortunately, however, there have been not many of studies on detection of scale in water pipes. Nevertheless, since scale is one of the major sources of water contamination and user's complaints on water supplying pipes, the detection of scale should be performed for the proper maintenance of water pipe. Especially, it should be done nondestructively from the outside of piping. Furthermore, it is strongly desired to have an efficient method that can rapidly inspect large area of water piping.
It is well recognized that the guided waves are very suitable for the inspection of long range pipelines [3, 4] . However, the most of the works performed for the long range pipelines using guided waves have also been concentrated on the detection of wall loss.
Thus, in this study, we have experimentally explored the potential of guided waves for the detection of scale in water piping from the outside of pipes. The water pipe which is made of steel, had the outside diameter of 22mm and the wall thickness of 3mm. Non-axisymmetric guided waves were excited on the outside surface of the water pipe by using a 0.5 MHz transducer with a variable angle shoe. Phase velocity tuning was used to generate the possible guided wave modes, and the optimum modes were selected experimentally. The initial experimental result is also presented here.
GUIDED WAVE MODES IN WATER PIPING
Guided wave modes and their dispersive characteristics can be obtained by solving wave equation with proper boundary conditions [5] [6] [7] . In piping, there are infinite number of modes that are named longitudinal modes (L(0,n)), torsional modes (T(0,n)), and flexural modes (F(M,n)), where M is the circumferential order and n is the mode number. In most cases, longitudinal modes are used for the inspection because they are axisymmetric modes and efficiently excited and received with angled transducers [4] . Torsional modes are also axisymmetric modes but are not used very often with the angled transducers because they are hard to be excited. Flexural modes are non-axisymmetric modes and often propagate together with longitudinal modes.
In Figure 1 , the phase and group velocity dispersion curves for longitudinal and flexural modes in the water supplying pipes under investigation are shown. The horizontal axis represents the frequency (f) times thickness (d) of the piping (fd). For the investigation of the dispersion characteristics, we have implemented our own program that can calculate the phase and group velocities in the elastic hollow cylinder in MATLAB [8] . It is noticed that flexural modes have similar patterns of dispersion with the longitudinal modes and congregated according to the mode number.
SPECIMENS AND EXPERIMENTAL SET UP
In the present study, we have chosen four kinds of water pipes, as shown in Figure 2 : a) the new pipe with the amount of scale of 0% (here after "the new pipe"), b) the used pipe with the amount of scale of 3% (here after "the used pipe with scale of 3%"), c) the used pipe with the amount of scale of 23% (here after "the used pipe with scale of 23%"), and d) the used pipe with the amount of scale of 42% (here after "the used pipe with scale of 42%"). The amount of scale was measured in terms of the volume fraction.
A tone burst system that can control the frequency and the amplitude of the excited signal precisely was used to excite the specified modes of ultrasonic guided waves in the water pipe. Ultrasonic pulser/receivers commonly used in practice were not enough to excite ultrasonic guided waves that can propagate far away. Therefore, we have used a high power ultrasonic pulser/receiver (RAM-10000 made by Ritec). Also, For the excitation of guided waves, 0.5 MHz transducers (made by Panametrics) were mounted on the variable angle wedge that were fabricated in order to control the incident angles of excited beam. For the fd value of 1.5 MHz mm (which is the nominal value representing the test condition of the present study, since the center frequency of the transducer is 0.5 MHz, and the thickness of the pipe is 3.0 mm) in the dispersion curves as shown in Figure 1 , it was able to choose 10 different modes as shown in Table 1 . For each mode, the phase velocity was read from the dispersion curve, and the corresponding wedge angle was determined by use of the SnelPs law with the longitudinal velocity of the wedge of 2.72 km/s.
As shown in Figure 3 , a pitch-catch experimental setup was used for the generation of non-axismmetric guided waves. The distance between the sending transducer and the receiving transducer is 0.5 m. And, in this experimental study, all of the parameters for the generation of guided waves (including the output power and the center frequency of the tone burst signal) were fixed, but the incident angle was changed. For the fd value of 1.5 MHz mm (which is the nominal value representing the test condition of the present study, since the center frequency of the transducer is 0.5 MHz, and the thickness of the pipe is 3.0 mm) in the dispersion curves as shown in Figure 1 , it was able to choose 10 different modes as shown in Table 1 . For each mode, the phase velocity was read from the dispersion curve, and the corresponding wedge angle was determined by use of the Snell's law with the longitudinal velocity of the wedge of 2.72 km/s.
As shown in Figure 3 , a pitch-catch experimental setup was used for the generation of non-axismmetric guided waves. The distance between the sending transducer and the receiving transducer is 0.5 m. And, in this experimental study, all of the parameters for the generation of guided waves (including the output power and the center frequency of the tone burst signal) were fixed, but the incident angle was changed. Figure 4 shows a set of the through transmission signals for the F(2,2) mode captured by the receiving transducer from the four pipe specimens with various amounts of scale. As shown in Figure 4 , the amplitude of the F(2,2) mode signal decreased significantly as the increase of the amount of the scale inside of the pipe. And, eventually this mode disappeared due to the presence of a large of scale. The signals for the F(l,2) and the F(3,2) modes were also captured by the receiving transducer under the same experimental set up, even though the results are not shown here. What we have found was that the amplitude of both of the F(l,2) and the F(3,2) modes also decreased significantly as the increase of the amount of scale, similar to the case of the F(2,2) mode. Figure 5 shows a set of the similar through transmission signals for the F(2,3) mode. On the contrary to the case of the F(2,2) mode, this particular mode successfully propagated through the water pipes even with the presence of considerable amount of scale. The similar trend was also observed for the F(l,3) and F(3,3) modes, even though the captured waveforms are not shown here. Figure 6 shows the summary of experimental observation for the case of the F(2,2) and the F(2,3) modes. The x-axis represents the volume fraction of scale, and y-axis denotes the normalized amplitude (the amplitude of the received signal form the pipe under test normalized to that of the signal captured from the new pipe).
PROPAGATION CHARACTERISTICS OF GUIDED WAVES
As shown in Figure 6 , the F(2,2), which has mode number n equal to 2, decreased very rapidly as the increase of the volume fraction of scale. As for the F(2,3) mode, its amplitude also decreased as the increase of the volume fraction of scale. However, the extent of decrease is much less than that of the F(2,2) mode. The F(2,3) mode still propagated through the water pipes in spite of the presence of scale.
In fact, what this experimental observation recommend is that the modes with the mode number 2 (such as F(l,2), F(2,2), and F(3,2)) are very suitable for the detection of scale, accumulated inside of the water supplying pipes. Figure 4 shows a set of the through transmission signals for the F(2,2) mode captured by the receiving transducer from the four pipe specimens with various amounts of scale. As shown in Figure 4 , the amplitude of the F(2,2) mode signal decreased significantly as the increase of the amount of the scale inside of the pipe. And, eventually this mode disappeared due to the presence of a large of scale. The signals for the F(1,2) and the F(3,2) modes were also captured by the receiving transducer under the same experimental set up, even though the results are not shown here. What we have found was that the amplitude of both of the F (1,2) and the F(3,2) modes also decreased significantly as the increase of the amount of scale, similar to the case of the F(2,2) mode. As shown in Figure 6 , the F(2,2), which has mode number n equal to 2, decreased very rapidly as the increase of the volume fraction of scale. As for the F(2,3) mode, its amplitude also decreased as the increase of the volume fraction of scale. However, the extent of decrease is much less than that of the F(2,2) mode. The F(2,3) mode still propagated through the water pipes in spite of the presence of scale.
In fact, what this experimental observation recommend is that the modes with the mode number 2 (such as F(1,2), F(2,2), and F(3,2)) are very suitable for the detection of scale, accumulated inside of the water supplying pipes. Volume fraction of scale (%) 
